Background: Negative-staining (NS), a rapid, simple and conventional technique of electron microscopy (EM), has been commonly used to initially study the morphology and structure of proteins for half a century. Certain NS protocols however can cause artifacts, especially for structurally flexible or lipid-related proteins, such as lipoproteins. Lipoproteins were often observed in the form of rouleau as lipoprotein particles appeared to be stacked together by conventional NS protocols. The flexible components of lipoproteins, i.e. lipids and amphipathic apolipoproteins, resulted in the lipoprotein structure being sensitive to the NS sample preparation parameters, such as operational procedures, salt concentrations, and the staining reagents. Scope of review: The most popular NS protocols that have been used to examine lipoprotein morphology and structure were reviewed. Major conclusions: The comparisons show that an optimized NS (OpNS) protocol can eliminate the rouleau artifacts of lipoproteins, and that the lipoproteins are similar in size and shape as statistically measured from two EM methods, OpNS and cryo-electron microscopy (cryo-EM). OpNS is a high-throughput, high-contrast and high-resolution (near 1 nm, but rarely better than 1 nm) method which has been used to discover the mechanics of a small protein, 53 kDa cholesterol ester transfer protein (CETP), and the structure of an individual particle of a single protein by individual-particle electron tomography (IPET), i.e. a 14 Å-resolution IgG antibody three-dimensional map. General significance: It is suggested that OpNS can be used as a general protocol to study the structure of proteins, especially highly dynamic proteins with equilibrium-fluctuating structures.
Introduction
Most transmission electron microscopy (TEM) has the capability to display the atomic structure of hard materials [1] . However, when examining the structure of soft (especially biological) materials such as proteins it is challenging to obtain structure at even near one nanometer resolution [2] , due to radiation damage, low contrast of images, structural collapse or flattening, and dehydration [3, 4] .
Cryo-electron microscopy (cryo-EM) is an advanced approach to determining protein structure at an atomic resolution under near physiological conditions [5] [6] [7] . The cryo-EM technique involves preparing the sample in vitreous ice by flash freezing the specimen, and then examining the specimen under cryogenic conditions, such as liquid nitrogen or helium temperatures [6] [7] [8] [9] [10] . Advantages of cryo-EM include absence of artifacts, and the ability to examine the protein with near-native state images [4] . Despite its advantages cryo-EM has many complications. The primary disadvantages involve low contrast and necessary expensive equipment that is not readily accessible to many laboratories, including specimen cryo-holders and a cryo-plunger that is needed for sample preparation apparatuses with liquid nitrogen. In addition, preparing a cyro-EM sample with perfect ice thickness and imaging under low-dose conditions requires highly intensive specialized training [4, 11, 12] . Namely knowledge with image processing software to enhance the poor signal-to-noise ratio (SNR) of cryo-EM [3] images which has a steep learning curve and is time consuming. In addition, the one-time usage of the cryo-specimens limits the chance for catching unexpected discoveries, especially when the sample is difficult to purify or is unstable after isolation [13] .
Historically, the study of protein structure via negative-staining (NS) was initially developed with viruses by Brenner and Horne a half century ago [14] . The concept of NS began with light microscopy by submerging bacteria into a dense stain to provide darkness around the specimen, thus illuminating the sample utilizing a negative contrast [15] . NS-EM involves coating the specimen with a thin stain layer of cationic or anionic heavy-metal salts. NS-EM can produce high-contrast images with these coated heavy-metal stains [4] , since the heavy-metal stains more strongly scatter electrons than do the lighter atoms within the proteins themselves [16] [17] [18] [19] .
Preparation of the sample for NS-EM can be easily adapted in any laboratory. Heavy metal stains allow for higher electron dose tolerance, improved contrast, and also function as a fixative for the specimen. NS-EM also delivers images that contain high SNR, and an intermediate (near a nanometer) resolution [3] for reconstruction of threedimensional (3D) models [20] . However, certain effects of the heavy-metal stain produce undesirable outcomes due to interactions with the specimen, such as aggregation, molecular dissociation, and artifacts of stacking [4, 21, 22] .
Since the early 1970s, the NS method has been used to examine the structure and morphology of lipoproteins [15, [23] [24] [25] [26] [27] [28] [29] [30] . Lipoproteins are composed of lipids and apolipoproteins (apo), and are known to be structurally dynamic and flexible in nature [8, [29] [30] [31] [32] [33] [34] . The structures of lipoproteins are also sensitive to the buffer pH, salt concentration and chemical reagents. An obvious artifact of lipoprotein structure observed for decades is how the lipoprotein particles regularly present stacking rouleau in NS images [35] [36] [37] [38] [39] [40] . This is significant in that rouleau formation is absent from serum analysis, native-gel, small-angle scattering, and cryo-EM studies [12, 22, 29, 30, 36, 39, [41] [42] [43] [44] . Considering that rouleau formation displayed in NS images could lead to inaccurate interpretations of lipoprotein structure and function, a thorough investigation or comparison of the NS protocols used to examine the lipoprotein structure is necessary.
Here, we have reviewed the literature by focusing on the structure and morphology of lipoprotein-related NS sample preparation parameters. The comparisons were performed from three parameters: operational procedures, salt concentrations, and the staining reagents themselves. These comparisons show that the optimized NS (OpNS) protocol eliminates the artifact of rouleau in lipoproteins and delivers structural features that are most similar in size and shape to that from cryo-EM images. OpNS features make it a suitable protocol to study lipoprotein structure and morphology. Moreover, OpNS displays itself as a reliable and powerful protocol revealing the mechanics and structures of small and asymmetric proteins, such as 53 kDa cholesteryl ester transfer protein (CETP) [45] , and an individual 160 kDa IgG antibody (with~1 nm high-resolution 3D reconstruction) [11] .
Rouleau artifact in lipoproteins under negative-staining
With certain popular and conventional NS protocols [15, 46] , lipoprotein particles regularly present stacking into rouleau formation [35] [36] [37] [38] [39] [40] . For example, apoE4-contained high-density lipoprotein (HDL) (Fig. 1A) , apoA-I-contained discoidal nascent HDL (Fig. 1B) , and even apoB-contained human plasma LDL (Fig. 1C) form rouleau by the conventional NS method [29, 30] . The rouleau formation seems unrelated to comprising apolipoprotein types or particle concentrations, although it may relate to lipid component type (cationic or ionic). However, rouleau formation is absent in the results from nondenaturing polyacrylamide gradient gel electrophoresis, mass spectrometry [47, 48] , X-ray crystallography [49, 50] , small-angle X-ray diffraction data [43] , or cryo-EM studies [29, 47, [51] [52] [53] . Thus, rouleau formation is generally believed to be an artifact of the conventional NS-EM protocol [29, 30] . Unfortunately, the observation of rouleau formation by conventional NS protocol (because of the challenges in imaging the lipoproteins in their near native-state by cryo-EM) has for decades been an indicator of successful synthesis of HDL particles.
Recently, Ren et al. have faced these same challenges in imaging lipoproteins under near physiological buffer conditions by cryo-EM [8, 11, 12, 29, 44, 54] . We investigated the NS protocols by using the images obtained from cryo-electron microscopy (cryo-EM) of apoE4 HDL as a standard control for comparison, and reported an optimized negative-staining (OpNS) protocol (Fig. 2) [29] . OpNS eliminates the rouleau artifact of apoE4 HDL, and provides images that are highly similar (difference b 5%) in size and shape to that from cryo-EM ( Fig. 2A) , but with higher contrast [29] . A validation of OpNS protocol has been conducted by examining the elimination of rouleau artifact in various lipoprotein samples [30] .
To further illuminate the different NS protocol effects in the structure and conformation of lipoproteins, we cataloged the effects of NS protocols from the three NS parameters, i.e. NS sample preparation procedures, salt concentrations, and staining reagents.
B)
C) A) 3. NS procedure effect on the rouleau formation of lipoprotein NS protocols used in examining lipoproteins [30, [35] [36] [37] [38] [39] [40] can be cataloged into three major groups based on their NS sample preparation procedures: mix [46] , drop-by-drop [15] , and washing procedure [29] (Fig. 3) . The mix procedure (Fig. 3A) requires mixing the stain and the lipoprotein sample using a certain ratio, applying the mixture to a carbon-coated grid, blotting with filter paper to remove excess solution, and then finally drying the grid completely for analyzing the sample with an electron microscope [46] . This procedure has been demonstrated with electron micrographs showing rouleau with micellar complexes of DPPC-apoA-I, egg-PC-apoA-I [55] , very low-density lipoproteins (VLDL) [56] , and Hep G2 fractions of lipoproteins [57] .
The drop-by-drop procedure ( Fig. 3B ) entails direct application of the sample onto a carbon-coated EM grid, and blotting filter paper to remove excess solution. A drop of stain is then directly adhered to the EM grid, blotted again to remove excess solution, and finally dried before imaging [15, [58] [59] [60] . Many electron micrographs employing this procedure show rouleau formation with various size discoidal highdensity lipoprotein (HDL) [34] , plasma low-density lipoprotein (LDL), and plasma VLDL [61] .
The washing procedure ( Fig. 3C ) requires that the lipoprotein sample be affixed to the carbon-coated EM grid with excess solution blotted with filter paper immediately before washing with deionized water and blotting with filter paper three times, and then three series of touching the stain solution and blotting before drying [3, 29, 30] . Washing the sample before staining reduces protein buffer-salt concentration and reduces potential reactions with the buffer, therefore reducing the probability of artifacts that may develop between the stain, protein, and salt. Using a uranyl formate (UF) stain, no rouleau is formed after washing the sample (Fig. 2C ). However, with phosphotungstic acid (PTA) as the stain, a small amount of rouleau has been shown with an apoE4•POPC (1-palmitoyl-2-oleoyl phosphatidylcholine) complex (Fig. 2B) [3, 29] . The washing procedure seems to reduce rouleau phenomena, but may not be a direct factor in eliminating the rouleau artifact. Histograms of particle size and shape are also shown by (D) histogram of longest particle diameter, (E) histogram of particle diameter geometric mean, and (F) histogram of particle diameter ratio. Legend: cryo-EM, asterisks and solid line; PTA, crosses and dash-dot line; PTA with washing, triangles and dotted line; and UF, circles and dashed line. These images and histograms suggested that the OpNS protocol could produce near native images of the apoE4•POPC particles similar to those produced by cryo-EM with much higher contrast. This research was originally published in the Journal of Lipid Research as reference [29] @ the American Society for Biochemistry and Molecular Biology.
NS stain reagent effect on the rouleau formation of lipoprotein
Heavy metal stains provide stronger electron scattering than the protein [16] [17] [18] [19] 62] , allowing the sample to tolerate higher radiation doses, and generate a higher negative contrast [4] [5] [6] . Heavy metal stains are cataloged as anionic, which include stains such as PTA [15] , methylamine tungstate [13] and silicon tungstate [63] , and cationic which include stains such as uranyl acetate (UA) [64] , UF [3, 29, 30] , uranyl nitrate (UN) [65] . Both anionic and cationic stains have been used with various NS protocols of biological macromolecules.
PTA is one of the most commonly used anionic NS stains to examine lipoprotein structure [37, [66] [67] [68] [69] . PTA is a heteropoly acid containing several negative charges, used at a pH range of 7.0 to 7.5, and is also used for positive staining [3, 15, 29, 30, 70] . Since the negative charges of PTA can interact electrostatically with the positively charged head groups of phospholipids on the surface of lipoproteins and even liposomes, PTA can serve as a mediator between lipoproteins causing rouleau formation [29, 30] under regular buffer salt conditions [29, 30] (Fig. 1) . For example, apoE4 HDL stained by PTA displayed short rouleau formation even with the inclusion of a washing procedure (Fig. 2B) [29] . To test the rouleau formation related to either surface lipids or apolipoproteins, Ren et al. examined POPC liposome vesicles using the conventional NS-EM protocol (PTA as stains). EM micrographs revealed particles stacked into rouleau, suggesting that rouleau formation is due to the interaction between the POPC molecules of neighboring liposome vesicles [29, 30] . Similar results were also reported in earlier experiments with POPC and dimyristoyl phosphatidylcholine (DMPC) liposome vesicles, which formed stacks when PTA was used for NS-EM [22, 71] .
UA is a popular choice of heavy metal cationic stains and is frequently used in the NS of various biological specimens [64, 72, 73] . The structure of UA is a preferred stain parameter for NS because it is positively charged, and will not interact with any positively charged lipid groups of the lipoprotein, and it also serves as a fixative [3] . Less frequently used cationic stains for NS of lipoproteins are UF and UN, which are also positively charged, again avoiding interactions with the positively charged groups of the lipoprotein [3, 29, 30, 65] . UA/UF/UN can be used at a lower pH with a pH range of 3.5 to 4.6. Precipitation of the salt can occur at certain pH values and a low pH may not be suitable for some physiological specimen states [13, 74] . Interestingly, UA/UF fixes protein structure on a millisecond timescale [75] so that the mildly acidic pH, 4.2-4.6 should not be lipolytic. The choline group contains a positive charge whereas the phosphoryl moiety is negatively charged, giving its well-known zwitterionic structure. The mechanism of PTA adsorption to surfaces is electrostatic, rather than via hydrogen bonding because adsorption was not affected by pH [76] . In contrast to PTA, UA/UF is a salt, not an acid. As far as we know, using UA/UF, various lipoprotein particles were all displayed in isolated form, including a high-density lipoprotein-C (HDL-c) [64] , and lipoprotein LP-X [77] .
UF has been reported that it can provide better results than UA [78] . An interesting feature of UF and UN stains are their smaller than UA grain sizes (UF: 0.3 nm, UN:~0.5 nm) [3, 79] that permits for EM analysis of small proteins (b 100 kDa) [3, 29, [80] [81] [82] . For example, we used UF as a stain to image the high-resolution structure of cholesteryl ester transfer protein (CETP,~53 kDa), in which, some secondary structural information could be revealed from raw electron micrographs [45] .
The drawbacks of UF are as follows: i) UF is sensitive to light, ii) has a short half-life, and iii) requires higher standard of safety to handle because UF has radioactivity (though it is weak). UF has been utilized at a lower pH in which rouleau has not been observed, thus UF serves as a model stain parameter to eliminate artifacts of lipoproteins including: reconstituted HDL (Fig. 4A-D) , human plasma HDL ( Fig. 4E and F) , LDL (Fig. 4G), IDL (Fig. 4H) , VLDL (Fig. 4I) , and liposomes (Fig. 4J) [30] . UF has been proven to be a worthy and viable NS stain for examining lipoproteins.
Buffer salt concentration effect on the rouleau formation of lipoprotein
To lower these unfavorable salt effects, washing the sample with deionized water after adherence to the EM grid has been shown to reduce the level of rouleau formation, but does not entirely eliminate it with the PTA stain parameter. A few drops of water can be enough to wash the sample to reduce salt effects. However, in one particular extreme case, ten drops of water were used to wash the sample prior to staining with PTA, and some rouleaux were still observed in electron micrographs [83] . A noteworthy study was conducted by Ren et al. to reveal rouleau formation in liposome vesicles via PTA after interactions with variable salt concentrations, and with the mix procedure. Liposome vesicles with high salt (0.5 M NaCl), regular salt (0.25 M NaCl), low salt (0.1 M NaCl), and absence of salt all showed rouleau formation in electron micrographs [30] (Fig. 5) . Notably, the higher salt concentrations in liposomes showed tighter rouleau ( Fig. 5A and B). In comparison, with decreased levels of salt concentration, shorter rouleau was observed ( Fig. 5C and D) . Interestingly, using the parameters of UF and the optimized procedure presented no rouleau formation and isolated particles were observed of the same liposome vesicle [30] (Fig. 4J) . Thus, salt concentrations provide for a level of vesicle-vesicle interaction that can cause rouleau. Similar results were also observed with apoE4 HDL [29] . These results suggest that a procedure to reduce the buffer salt concentration is a necessary step, but not an independently sufficient step for elimination of rouleau in POPC-containing biological samples.
High-resolution images of individual particles of protein by OpNS
Ren et al. reported that OpNS as a general NS protocol can be used to examine a series of lipoprotein species and complexes without introducing the rouleau artifact [29, 30] . The lipoproteins that have been validated [30] include nascent HDL (Fig. 4A-C) , spherical HDL (Fig. 4D) , plasma HDL ( Fig. 4E and F) , LDL, IDL and VLDL (Fig. 4G-I) . Moreover, the complexes formed by the interactions between lipoproteins and proteins can also be imaged by the OpNS, such as LDL/ CETP, LDL/CETP/HDL, LDL/antibody, and HDL/antibody [45] . Moreover, Ren et al. have used the OpNS for high resolution (~1 nm) imaging of one of smallest proteins in the EM field, 53 kDa CETP (Fig. 6 ) [45] .
CETP mediates the transfer of neutral lipids, including cholesteryl esters (CEs) and triglycerides (TGs), between HDL, LDL and very low-density lipoproteins (VLDL) [84] . An elevated level of LDLcholesterol (LDL-C) and/or a low level of HDL-cholesterol (HDL-C) in human plasma are major risk factors for cardiovascular disease (CVD) [85, 86] . Since increased CETP can reduce HDL-C concentration [87] and CETP deficiency is associated with elevated HDL-C levels A) 7.8-nm rHDL B) 8.4-nm rHDL C) 9.6-nm rHDL D) 9.3-nm rHDL E) Plasma HDL-α α [ 88, 89] , CETP inhibitors, including torcetrapib, anacetrapib and dalcetrapib, have been investigated in clinical trials for treating CVD [90] [91] [92] . Despite the intense clinical interest in CETP inhibition, little is known concerning the molecular mechanisms of CETP-mediated lipid transfer among lipoproteins, or even how CETP interacts with lipoproteins. Ren et al. used OpNS protocol as a high-throughput and highresolution method and prepared more than 300 EM specimens to reveal how CETP interacts with various lipoproteins [45] . They also used single-particle image processing for the 3D reconstruction of CETP and CETP bound to HDL, and they used molecular dynamics simulation to study and better understand the CETP mechanism in CE transfer among lipoproteins. They discovered that CETP bridges a ternary complex with its N-terminal β-barrel domain penetrating into HDL and its C-terminal domain interacting with LDL or VLDL, and discovered a tunnel mechanism. In this mechanistic model, the CETP lipoproteininteracting regions, which are highly mobile, form pores that connect to a hydrophobic central cavity, thereby forming a tunnel for transfer of neutral lipids from donor to acceptor lipoproteins [45] . These new insights into CETP transfer provide a molecular basis for analyzing mechanisms for CETP inhibition. Another exciting application of OpNS is the 3D reconstruction of the first individual protein structure, an individual IgG antibody (Fig. 7) [11, 93, 94] . The OpNS EM images of individual antibody particles from a series of tilt-angle images provide high-resolution and high-contrast structural information that allow the successful reconstruction of an individual particle of protein by individual particle electron tomography (IPET) (Fig. 7D-F) [11] . In IPET 3D reconstruction [11] , the specimen movements between different exposures for different tilted-view images were precisely computed, and then the serials of those targeted IgG antibody images were precisely aligned to their global center for 3D reconstruction calculated via a focuselectron tomography reconstruction (FETR) algorithm [11] . Notably, the successfully reconstructed individual IgG antibody particle has opened the gate to study the dynamics and fluctuations of small proteins [11, 44, 54, [94] [95] [96] .
Optimized NS (OpNS) protocol
Considering that the OpNS is a reliable protocol to be used to examine the structure of various lipoproteins, that OpNS is a highthroughput approach for studying protein mechanism, and that it provides a high-contrast and high-resolution imaging method for studying the individual particle 3D structure of protein, it is necessary to give a complete description of OpNS protocol below [29, 30] .
i. Prepare 100 ml of a 1% (w/v) UF solution. Put UF powder in deionized water and stir it overnight in a dark room at room temperature. Cover the bottle of solution with aluminum foil. Filter 5 ml of the 1% solution with the NORM-JECT syringe and the Anotop filter of 0.02 μm, and aliquot it into 2 ml vials, wrapped in aluminum foil to keep the solution in the dark. Immediately after aliquoting the 1% UF solution, place the vials into liquid nitrogen by using long handle forceps. ii. Store the 2 ml vials of the 1% solution in an − 80°C freezer until use.
iii. Before use, thaw a vial in a 4°C water bath, and make sure it remains wrapped (cover it) in aluminum foil to keep the vial in the dark. iv. Once the UF is thawed and in liquid form, filter the UF again, using a 1 ml NORM-JECT syringe, and using the Anotop filter of 0.02 μm pore size (Anotop 10). Cover it with aluminum foil and store it on ice or at 4°C. v. Place ice in a uniformly level manner into the flat ice chamber, and cover it. vi. Designate 3 rows of 6 small circular regions in Parafilm. Place the Parafilm in the flat ice chamber and then place~35 μl drops of deionized water in the first three circle regions in each row. Subsequently place~35 μl drops of the filtered UF in the next three small circle regions in each row. vii. Fill the icebox with ice, cover it, and let it stand for~5 minutes. viii. Obtain thin carbon film-coated copper EM grids (Cu-300CN, Pacific Grid-tech, San Francisco, CA) with Dumont #5 medical tweezers with clamping ring, put the carbon film side up on a clean glass microscope slide, perform glow-discharge for 15 seconds with an EMS 100, and place the slide on a clean filter paper in a petri dish and cover it. ix. Open the icebox and hold the grid with tweezers at a 45°a ngle; place~3 μl of the lipoprotein sample (~0.005 mg/ml, protein, diluted by Dulbecco's Phosphate Buffered Saline) on the EM grid carbon film side and incubate for~1 minute. grid (non-carbon side) with filter paper. Subsequently, air-dry the sample by a low-flow of nitrogen gas at room temperature. xi. Store the grid on filter paper in a petri dish, and partially cover it for~30 minutes. xii. Send the grid to EM or store it in a grid storage box.
To be noted, the thickness of the stain of the carbon-coated grid is not even (Fig. 8) . Areas of thicker stain look like "cloud" on the grid when using low magnification (b 400×). These cloudy areas generally can provide better images.
Conclusions
OpNS protocol is a reliable protocol that can eliminate the rouleau artifact, and provide high-resolution structural details. The OpNS protocol has some disadvantages, such as more complicated steps of specimen preparation; the need to deal with a radioactive substance, UF; the shorter half-life of the UF stain requires keeping the stain fresh; necessary storage of the UF solution in −80°C requires thawing before use; and it involves the handling of hazardous waste. However, after investigating several other techniques with their benefits, drawbacks, and key results illustrated via electron micrographs, we have determined that the OpNS protocol is the best approach to investigate structure and morphology of lipoproteins. This NS protocol that eliminates rouleau while maintaining near native conformations can be quickly adapted into any laboratory, and then exploration of lipoprotein function related to structure can be more thoroughly investigated.
